The production of biofuels and other products from algae is a technology that is rapidly developing. This paper presents an overview of algae, its benefits over other biofuel sources and the technology involved in producing algal biofuel. The case study in this report looks at the potential of algal biodiesel, produced using power plant exhaust, to replace our current petrodiesel supply and consequently reduce greenhouse gas emissions. The results suggest that using 60% of all coal and gas power plants would allow this new fuel source to replace petrodiesel entirely and thus reduce greenhouse gas emissions by 5%. The challenge at the present is to improve the efficiency of algal fuel production technology so as to lower the cost of algal biodiesel and thereby make it commercially competitive with petrodiesel. Researchers are currently developing various means of accomplishing this and successful commercialization is anticipated by 2018.
INTRODUCTION
In recent years, there has been increasing concern about issues such as resource consumption, rising energy prices and environmental pollution. There is much speculation about the date of peak oil production and the viability of various sustainable alternatives. Another central issue is global warming caused by greenhouse gas emissions from human activities. Over half of these greenhouse gases result from the use of fossil fuels [1] .
Alternative sources of energy are one obvious solution. In 2005, the fossil fuels oil, coal and natural gas, respectively, made up 37, 25 and 23% of world energy consumption [2] . This means that alternatives make up only 15% of our energy supply. There are several alternatives available for electrical power generation and heating including: nuclear, biomass, hydro, solar, wind and geothermal. However, for oil our largest energy source, this is not the case. Although we are heavily reliant on it for transportation, oil appears to have fewer alternatives. One is to use electric motors to power our vehicles. This requires fuel cell or battery technology, both of which are under extensive research and development. A second alternative is to keep our existing engine technology and use fuels that do not contribute to global warming. Plants and similar organisms are an ideal source for fuel because they store energy and are abundant and renewable. This paper explores the production of biofuel from algae, its benefits and future potential.
OVERVIEW OF ALGAE BIOFUEL TECHNOLOGY

Why use algae for fuel feedstock?
With numerous sugar crops, oil crops, animal fats and waste cooking oil already established as suitable feedstock for biofuel production, why even consider algae? The reality is that there are not enough land resources and waste sources. Besides the current lack of suitable alternatives, there are a number of ways that algae show great promise as a biofuel feedstock.
One obvious benefit of using algae is that they do not require fertile land for production. Instead, they can be grown in a wide variety of areas including sewage ponds, the ocean, on marginal land or in special reactor containers. Closed algal production systems also have the potential to consume much less water than plant crops. This means that algae energy is potentially available to most nations and using algae as a fuel source does not adversely affect food and water supply as do grains, oilseeds and other plant crops. Second, algae are the fastest growing photosynthetic organisms in the world and can double their mass in less than 24 h [3] . Research indicates that algae have the potential to produce many times more energy per unit of land area than the best fuel crops. Depending on the species and growth conditions, experts estimate algae to be anywhere from seven to several hundred times more productive per unit of land than other oil crops [4] . Since they grow rapidly and can be harvested on a daily basis, algae provide a continual supply of energy [5] .
Also, algae grow best with a concentrated source of carbon dioxide. This means algae growers can utilize flue gas from power plants and capture a significant portion of carbon and nitrogen oxides from the exhaust, thus preventing it from entering the atmosphere [6] . This has clear benefits in the reduction in the global warming impact of power plants. Algae can also utilize another waste: contaminated water. Algae have high nutritional requirements which they can meet by purifying sewage or waste water.
The wide variety of algal species offers researchers a lot of options for culturing algae in a wide variety of environments. Also, the simple structure of algae makes them relatively easy to study, test and even genetically modify. This is one of the most promising characteristics of algae as a future fuel source. Additionally, it may improve national energy security by reducing dependency on unstable, foreign sources of oil.
Algae production systems
For growth algae require light, water, carbon dioxide and inorganic nutrients. These nutrients include nitrates, phosphates, iron and trace elements. The optimum temperature for growth tends to be in the range 20 -308C [6] .
There are several ways of growing algae. The first and most basic is simply a shallow pond. Waste water or other nutrient rich substances are added and algae are filtered out. One benefit of this system is that it works well to remove nitrogen and phosphorus from sewage ponds. The water is purified and the high level of nutrients allow for fast algal growth. Though inexpensive, it is difficult to efficiently control growth and harvest algae from these ponds [7] .
The second system uses what is called a racetrack design. It too is an open pond but it is a specifically designed circuit. Nutrients are continually added at a certain location and the algae are harvested in another. A water wheel keeps the water circulating which also helps with nutrient mixing and prevents solids from settling [6] .
Though the most expensive to set up, the third system is becoming very popular. It is called an algal photo-bioreactor and is a closed system. The water and algae are circulated through an array of clear tubes exposing them to sunlight or artificial light. Nutrients are continually added including a source of concentrated carbon dioxide. An ideal source is power plant exhaust. It helps with circulation and mixing and helps reduce fouling of the tubes. At the same time, the algae's consumption reduces the power plant's greenhouse gas emissions. Oxygen and algal biomass are continually drawn off. Since it is enclosed, this system has the added advantage of avoiding contamination, a common problem in open systems. This allows more productive algal species (which can be over 50% oil by weight) to be used, many of which tend to be less aggressive than more hardy invasive species. When growing diatom algae in a photo-bioreactor 42 000 kg (46 t) of oil can be produced in 1 year on one hectare of land [8] .
Extraction and processing of algal biomass
After the algal biomass has been produced, it must be harvested before it can be made into fuel. This can be done by filtration, centrifugation, flotation or flocculation. Although this biomass can be dried or gasified and then combusted, there is already an abundance of cheaper sources of solid biomass (like wood and straw) for this application. Algal biomass is generally grown with a high oil percentage with the intention of using it as a feedstock for biodiesel since it is well suited for this purpose.
There are several methods of extracting the oil from the algal biomass. The first is to simply press the biomass which will extract most of the oil. The second method involves extraction by chemical solvents; hexane is a popular choice since it is inexpensive. Some researchers are exploring the use of ultrasound to generate tiny bubbles which burst and collapse algal cell walls and release the oil content [4] . The method that currently provides the most pure and concentrated oil is supercritical fluid extraction. In this process, a gas (generally carbon dioxide) is liquefied and heated, and then acting as a solvent it can extract almost 100% of the oils from the algal biomass. The remaining portion of the biomass can be used as fertilizer or high protein animal feed [6] . The remnants can also be converted to biochar via pyrolysis. This sequesters carbon and can improve the soil quality [9] .
After extraction, the algal oil is in the form of triglycerides which have a very high energy density. However, the viscosity of oil is too high to be directly used in a diesel engine. A common way to convert the oil into lower viscosity biodiesel is through the chemical process of transesterification. In this process illustrated below, the triglycerides (algal oils) are combined with an alcohol like methanol or ethanol and a sodium-or potassium-based catalyst. The products are fatty acid esters (biodiesel) and glycerol. After this reaction, the products are separated and the excess alcohol is recovered for reuse. The esters are rinsed and dried resulting in biodiesel. Although transesterification is the most common method of reducing the viscosity of the algae oil, there are other options including dilution, microemulsification and pyrolysis [6] .
Algal biodiesel
Algal biodiesel, though similar to petroleum diesel, does have some differences. The primary difference is the existence of oxygen in the fuel molecules. This results in a slightly lower energy density. Biodiesel has lower emissions of unburned hydrocarbons and close to 100% reduction in sulphur oxide emissions. Depending on conditions, biodiesel generally has higher nitrogen oxide emissions. Biodiesel has much lower toxicity and much better biodegradability. The existence of polyunsaturated oils in algal biodiesel means that it can degrade prematurely. On the plus side, it gives algae biodiesel lower viscosity and therefore better cold weather performance than biodiesel from other plant sources [6] .
Although biodiesel is the most common, methane and ethanol can also be derived from algal biomass. The former can be produced by anaerobic digestion and the latter by fermentation or gasification.
CASE STUDY
Due to concerns about its impact on global warming, researchers have been looking for ways to reduce the amount of carbon dioxide entering the atmosphere. One method is to capture the exhaust CO 2 from fossil fuel power plants and pump it underground. Another option, as mentioned previously, is to use exhaust CO 2 to produce algal fuel and thus eliminate the CO 2 emissions from the fossil fuel it displaces.
This case study looks at the potential to produce algal biodiesel using fossil fuel power plant exhaust. More specifically, it determines how much algal biodiesel can be produced from a kilogram of exhaust CO 2 , and the estimated cost of doing so. It also looks at how much of the world's petrodiesel demand could potentially be supplied by algae grown at power plants and the potential impact of this on greenhouse gas emissions. Finally, production cost for petrodiesel and algal biodiesel are projected into the near future under various scenarios so as to forecast the future economic competitiveness of algal biodiesel.
Methodology
To determine the amount of algal biodiesel that can be produced from power plant exhaust, it is simplest to begin with 1 kg of CO 2 . This is multiplied by the fraction of exhaust CO 2 actually utilized by the algae. This in turn is multiplied by the CO 2 conversion factor which indicates the amount of algal biomass produced per kilogram of utilized CO 2 . Next, this is multiplied by the oil conversion factor which accounts for the fraction of the algal mass which is converted into oil. The resulting value is multiplied by the biodiesel conversion factor which indicates the portion of the oil which is converted into biodiesel. Finally, we multiply by the specific volume of diesel (l/kg) and the result, a (litres), is the amount of algal biodiesel that can potentially be produced from 1 kg of CO 2 exhaust. a ¼ emissions ðkg CO 2 ÞÂfraction of plant exhaust CO 2 utilized Â CO 2 conversion factor ðkg algae=kg CO 2 Þ Â oil conversion factor ð kg oil=kg algaeÞ Â biodiesel conversion factor ðkg bd=kg oilÞ Â diesel specific volume ðl=kg bdÞ ð 1Þ
To calculate the potential global capacity to produce algal biodiesel from power plant exhaust, begin with the annual electrical production from all coal plants. This value is multiplied by the rate at which CO 2 is exhausted from coal plants. The total is multiplied by the rate at which biodiesel is produced from CO 2 . This rate is found using Equation (1). The same calculation is performed using the values for natural gas power plants, and the totals for the two plant types are added together. The global potential for producing algal biodiesel from power plant exhaust b (litres of biodiesel per year) is calculated using the following equations: 
To estimate the potential reduction in greenhouse gas emissions as a result of entirely replacing petrodiesel with biodiesel, it is convenient to begin with our total current diesel fuel demand. This value is multiplied by the ratio of CO 2 produced per unit of fuel. The result is divided by the total CO 2 equivalent greenhouse gas emissions and then multiplied by 100%. Therefore, the reduction in global greenhouse gas emissions g (%) is as follows:
g ¼ diesel fuel demand ðl=yearÞ Â diesel CO 2 conversion ratio ðkg CO 2 =l of petrodieselÞ Â global greenhouse gas emissions ðyear=kg CO 2 eq:Þ
Â 100% ð5Þ
Finally, to forecast the future competitiveness of algal biodiesel, it is necessary to begin with both its estimated current production cost and that of petrodiesel. These two costs are then projected into the future based on different economic conditions. The production cost of petrodiesel is projected at the historic rate of price increase and conservatively, at half the historic rate. The historic rate is based on weekly diesel fuel prices in the USA from 21 March 1994 to 14 February 2011 [10] . The data are plotted and a linear trend derived. It is assumed that the production cost of petrodiesel tends to increase in proportion to its sale price due to inflation and the increased cost of developing less easily accessible resources so as to meet growing energy demand. The production cost of algal biodiesel is projected in three scenarios: no increase in production efficiency; a 5% annual increase in production efficiency and an optimistic increase in production efficiency of 10% per year. An annual rate of inflation of 2% is also taken into account.
Assumptions
In order to complete the calculations required to obtain the desired results, it is necessary to make certain assumptions regarding the characteristics of algae and current production and processing technology. All assumed values are listed and referenced below.
(i) Algae utilize 66% of exhaust CO 2 (based on an average of 50% on cloudy days and 82% on sunny days) [11] . (ii) 1.83 kg of 'utilized' CO 2 makes 1 kg of algal biomass [12] . (iii) The algae species cultivated yield 50% oil by weight [6] .
All of which is extracted. (iv) 60% of the mass of algal oil is converted into fatty acids (biodiesel). The remaining 40% consists of glycerides and impurities [13] . [12] . To be competitive with petroleum diesel, this needs to be reduced to $0.48/l. The cost of converting bio oil into biodiesel is $0.14/l [6] .
Case study results
As shown in Table 1 , algal biodiesel can be produced at a rate of 0.12 l/kg of exhaust CO 2 . This is equivalent to a rate of 60 -114 l/MWh depending on the plant's fuel type. The current cost of producing algal biodiesel using a photobioreactor and power plant exhaust is estimated to be $1.54/l. However, a production cost of $0.60/l is currently considered competitive. Figure 1 illustrates how algal biodiesel is expected to be economically competitive with petrodiesel by 2018 in all but the most pessimistic case where the production cost of petrodiesel increases at half the historic rate and algal biodiesel sees no increase in production efficiency. If all natural gas and coal power plants were utilized, the total global potential to produce algal biodiesel is estimated to be 12 billion litres per year. Only 60% of gas and coal power plants require refit in order to replace petrodiesel with algal biodiesel. The result would be a 4.7% reduction in greenhouse gas emissions.
RESULTS AND DISCUSSION
The content of the initial literature review and the results of the case study both indicate that algal biodiesel has enormous potential as a future fuel source. Algae require minimal land resources and have minimal impact on the food supply. They have a rapid growth rate, high oil content and can utilize waste streams for nutrition. If all global coal and gas power plants Table 1 , kg CO 2 refers to a kilogram of CO 2 exhausted from the power plant.
b In Table 1 , MWh refers to a megawatt hour of electrical power output from the power plant. were harnessed to supply exhaust for photobioreactors, 12 billion litres of algal biodiesel could be produced annually. The global current consumption of diesel fuel is only 7 billion litres per year [19] . Replacing petrodiesel with algal biodiesel would reduce global greenhouse gas emissions by 4.7%.
Currently, the production cost of algal biodiesel is 60% higher than the production cost of petrodiesel. However, due to anticipated increases in algal fuel production technology, increasing demand for diesel fuel and increasing petrodiesel production costs, it is forecasted that, in all but the worst-case scenario, algal biodiesel will become commercially competitive with petrodiesel by 2018.
These results are in general in agreement with other studies on the potential of algal fuel technology. One such example is 'Commercialization potential of microalgae for biofuels production' by Singh and Gu [4] . In this paper, the authors list three main steps to the success of algal biofuel: selection of the most desirable species, development of low cost production technology and production and marketing of other products derived from algae. Since these steps are being addressed, these authors also predict that algal biofuel will become commercially available in the near future [4] .
CONCLUSION
In conclusion, two important points can be made with regard to algal biofuel. The first is that algae shows great potential as a biofuel source with several major advantages over other sources. Some of them are: low impact on land use and the food chain; ability to utilise waste streams for nutrients; rapid growth rate and high oil content. Due to the positive characteristics of algae and an abundant supply of power plant emissions, algal biofuel has the potential to be produced on a scale large enough to entirely replace petrodiesel and thereby reduce global greenhouse gas emissions by around 4-5%.
Second, algal biofuel production technology is still somewhat new and uneconomical. The efficiency of growth, harvesting and processing systems must be further improved before the technology can be commercialized. As a result, many researchers and companies are currently developing ways to make this technology more economical. It is forecasted that algal biodiesel will become competitive with petrodiesel by 2020.
